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Abstract:

The limitation of gas-liquid counter-current flow is important for getting coolant to the core preventing heat-
up. To illustrate the scaling dependence of counter-current flow in the downcomer, the upper core tie plate
and the hot leg, some results are presented. Based on a derivation of the counter-current flow equations for
vertical and horizontal flows, the scaling ability of existing correlations is shown for homogeneous vertical
counter-current flow (Kutateladze-type equation) and separated horizontal flow in the hot leg during reflux-
condenser conditions (Wallis equation). The large reactor scale heterogeneous counter-current flow in the
downcomer and at the upper core tie-plate needed an extension of the Kutateladze-type equation. Bankoff
suggested that for CCFL in perforated plates such as upper tie plate, a parameter that is a combination of
actual length scale (Wallis parameter) and Laplace constant (Kutateladze parameter) will be required.

Keywords: Vertical homogeneous counter-current flow, vertical heterogeneous counter-current flow,
horizontal separated counter-current flow, core bypass, emergency core cooling, scaling effects.

1. Introduction

Counter-current flow of gas and liquid appears in many places in a reactor system during phases of various
transients. In most cases the liquid flows down and gas flows up, and they interact at the interface. The
interaction at the interface that increases with gas flow rate opposes the liquid down-flow. Counter-current flow
limitation (CCFL) is the limit of this liquid flow due to opposing gas flow. It has safety implication in getting
coolant to the core and preventing heat-up in a Loss of Coolant Accident (LOCA).

There have been many experimental investigations at different scales to address CCFL. They are in pipes,
annuli and plates with holes. The results were used to develop CCFL correlations. Two main correlations are
known using the Kutateladze numbers or the Wallis numbers for steam and water momentum terms or non-
dimensional phase velocities. The correlations can be derived from balance equations, see Glaeser (1992).
Constants are used to adapt for specific geometries, wall effects, and deviations from assumptions, what is
described in this chapter.

2. Correlations for the description of the counter-current flow limitation phenomenon

The CCFL is highly dependent on the geometry, orientation and configuration. In the following sections CCFL
correlations for different configurations will be addressed.

2.1 Vertical counter-current flow
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The steam-water counter-current flow is always coupled with instabilities of the gas - liquid interface.
These instabilities may restrict the downwards liquid flow. The amplitude of a wave & in Figure 1 can be
evaluated as a function of the pressure difference between the crest of the wave and the base, assuming that the
wave has a semispherical three-dimensional shape. It is assumed that the pressure difference between the bottom
of the wave and the crest, i.e. the pressure difference perpendicular to the main flow directions, is equal to the
dynamic head of the gas and liquid flows plus the gravity head of the wave. For the wave to be stable this
pressure difference Ap needs to be balanced by surface tension 6. Thus, one gets the equation:

2

Po—P= (P;/ng + Pll/zvl) —(P1—py)98, < 20/8 (D
where v, is the upwards gas velocity and v is the downwards liquid velocity and p is the density . This equation
can be written as

2
(p5*vy + pv1) /(p1—py)g81 < 20/[(p1— py)g87] +1 @)

For vertical counter-current flow the right-hand side of equation (2) decreases with increasing wave
amplitude. The wave amplitude, however, is restricted due to the instability of the wave in vertical flow. A
critical wavelength A (Laplace coefficient) must be exceeded by the wave to become unstable (Taylor
instability):

1=|o/(g(p:i- pg))]l/z Q)

The steam up-flow disintegrate the unstable growing waves. Droplets, waves and liquid films may be carried
upwards with the gas flow, limiting the water down-flow. For example, at a pressure of 400 kPa the critical
wavelength of water in steam has a value of A = 2.4 mm.
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Figure 1. Waviness of the gas/ liquid interface and the effect of steam up-flow rate on water down-flow rate
(Glaeser, 1992).

Defining a maximum wave amplitude
&1=M2 4)

for which the surface tension force can stabilize a wave of semi-spherical shape and introducing volumetric
vapor fraction o and

superficial gas velocity jg = o Vg %)

superficial liquid velocity ji= (1- o) vi 6)

leads to the equation:

oy ig/alog(oi - py)]"*} + 017/ {alog(pi - p)] '} < (4 + 0.5)172 (7)

One obtains the limiting value of j, by maximizing j; with respect to a, i.e. calculating the envelope as a is varied
(Wallis, 1969). This eliminates the vapor fraction a, and the following relation is obtained:

) 1/4\1/2 ) 1/4\1/2
(ps%is/log(pi=pa)] "} +{p1 %0t/ log(pi—p )"} < (4.5)1/4 ®
This equation is consistent with the empirical K-correlation using the Kutateladze numbers

1/2
K,

+mK,”* = ¢ ©)

Where K is the Kutateladze number (Pushkina and Sorokin, 1969)

K, = p;/zjx/[ag(pz - Pg)]1/4 x = g for gas or I for liquid (10)

The constants in the empirical correlations are determined by experiments. According to equation (8) the
constant C can be theoretically derived:
C=146. (11)

Pushkina and Sorokin (1969) found that C = 1.79 when K; = 0 (onset of penetration). The Kutateladze
number contains only physical properties and the superficial gas velocity for onset of penetration regardless of
the size of the flow channel.
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Some measured values for upper core tie plate and downcomer counter-current flow are:

e Tie plate: Karlstein 1/14 scale experiments (Simon et al., 1985): m = 0.77, C = 1.80.

e Tie plate: UPTF 1/1 scale entrainment/ de-entrainment experiments: m = 0.77, C = 1.64.

e Downcomer annulus: CREARE 1/5 scale experiments (Crowley et al., 1981): m = 0.82,
C=1.80.

e Downcomer annulus UPTF 1/1 scale needs an extension of the Kutateladze correlation and is described
in section “Vertical heterogeneous counter-current steam-water flow in the downcomer”.

The deviations of constant C between theoretical (C = 1.46) and measured values may be due to wall effects
in small scale facilities, simplified assumptions and measurement errors in two-phase flow. Many more
differently scaled experimental programs have been performed to address CCFL (Levy, 1999, Chapter 5). They
are in pipes and annuli. Wallis and Kutateladze used tests in pipes of different sizes and liquid injection methods
to develop CCFL correlations. The Wallis correlation is based on pipe diameter as length scale, see next section.
However, this correlation diverges from data for larger diameter pipes. For pipes with larger diameters than 50
mm, the CCFL of steam and water can be represented by the Kutateladze correlation based on critical wave
length and surface tension as described before. As discussed in the next section, the Wallis-type correlation is
better suited for horizontal flow. The reason why the Wallis correlation fits the non-dimensional momentum
fluxes of gas and liquid for small vertical scale is due to the relatively small flow cross section of sub-scale
experimental facilities where the liquid film and the formation of waves is restricted by the diameter of the pipe
or the gap width and circumference of an annulus.

The value of constant C for the Upper Plenum Test Facility (UPTF) experiments is closest to the derived
theoretical value. The UPTF values in reactor scale were obtained from entrainment/ de-entrainment tests where
water was injected via core simulator spray nozzles that distributed water droplets uniformly over the flow cross
section, Figure 2. The water mass flow rate falling into the lower plenum was determined dependent on core
simulator steam and water injection flow rates. In the case of homogeneous vertical steam-water counter-current
flow, the Kutateladze-type correlation according to equations (8) and (9) is also valid for reactor scale
geometries. However, this correlation was not found to be applicable in the case of asymmetric heterogeneous
counter-current flow caused by Emergency Core Cooling (ECC) water injection via the cold or hot legs and the
steam-water mixture flow out of the broken cold or hot leg. Based on these results it was necessary to develop
a new correlation for heterogeneous counter-current flow in large-scale facilities (Glaeser, 1992).
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Figure 2. UPTF injection assembly of core simulator.p

2.2 Horizontal counter-current flow

In horizontal separated gas-liquid counter-current flow, the wave amplitude is not restricted by the critical
wavelength, equation (3). The gravity head of the wave is directed perpendicular to the main flow direction in
horizontal or inclined flow. The pressure difference Ap between the bottom of a wave and the crest due to the
dynamic head of the gas and liquid flows in equation (1) needs to be balanced now by the gravity head of the
wave and droplets acting perpendicular to the main flow directions of steam and water:

2
po—p = (py vy +p"*v1) =(pi—py)g6: (12)

We replace the wave amplitude 9 in equation (12) by the diameter d of the flow channel:

2
(p;/zvg + pll/zvl) /l(pi—pgy)gd] =1.0 (13)
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Introducing the superficial phase velocities jx, equations (5) and (6), and calculating the envelope as the vapor
fraction is varied we get

{p;/zjg/[gd(pl - Pg)]l/z}z + {Pll/zjl/[gd(l’l - Pg)]l/z}z =1.0 (14

Equation (14) turns into the known empirical Wallis correlation:
+1/2

J e (15)
where
ji = P,lc/zfx/[gd(l’l — pg)]l/2 x = g for gas or 1 for liquid. (16)

The constants in equation (16) are m = 1 and C = 0.7 — 1.0, depending on geometry and method of water
injection (Wallis, 1969). The theoretical value from equation (14) is C = 1.0.

The Wallis correlation can be applied for counter-current flow characterized by unstable waves in
horizontal oriented pipes of different scales from small to large size. This was demonstrated by a UPTF counter-
current flow experiment investigating reactor scale hot leg reflux condenser conditions (Mayinger et al., 1992,
Glaeser and Karwat, 1993, 2D/3D Program Work Summary Report, 1992, Reactor Safety Issues Resolved by
the 2D/3D Program, 1993). Heat is transferred from the core to the secondary side of the steam generators by
evaporation of water in the core and subsequent condensation of the steam in the U-tubes of the steam generators
in the reflux condenser mode of a small break LOCA. A portion of the condensate flows back from the steam
generator to the upper plenum counter-currently to the steam through the hot leg. That condensate serves cooling
the core. Due to momentum exchange between the steam-flow and the water-flow in the hot legs counter-current
flow limitation may occur, which could prevent or at least deteriorate the water flow back to the core cooling
the fuel rods.

Steam Mass Flux Steam Mass Flow Rate
for D=0.75
kg
s meh Akgls
0.362 + T 16.0
________ Condenser Mass Flux_| _
27.0T . (1 active SG) o1 1.0
204 T ; T 9.0
165 T Water Delivery ! =+ 7.3
s s z
£ 5 e
:O "4 :E
| s 3
: 0 \ Scaling
1:10 1:3 131 D i, /D eacion

Figure 3. Water delivery limit to upper plenum compared with reactor steam mass flow towards steam-
generator in the hot leg (Glaeser and Karwat, 1993).

The UPTF test has demonstrated that a substantial margin exists between the CCFL and the typical
conditions expected in a Pressurized Water Reactor (PWR) during reflux condenser mode of a small break
LOCA. This is the case for water delivery limit to the upper plenum in a full reactor scale hot leg of 750 mm
diameter, see Figure 3 (Glaeser and Karwat, 1993). The steam mass flow results from a 2% core decay power
scaled from 8 MPa to 0.3 MPa pressure of UPTF.
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The location of counter-current flow limitation for reflux condenser mode is obviously in the inclined part
of the hot leg to the steam generator inlet (angle to the horizontal axis = 50°). The constants in the Wallis
equation (15) from the UPTF hot leg experiment are (2D/3D Program Work Summary Report, 1992, Figure
4.8-6) m = 0.85 and C = 0.69, see Figure 4.
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Figure 4. Comparison of UPTF counter-current flow data in hot leg with correlations of small-scale
experiments (2D/3D Program Work Summary Report, 1992, Figure 4.8-7).

Al Issa and Macian (2011) issued an extensive review of experimental work performed on CCFL in the hot
leg of a PWR. The experiments showed different geometries, length to diameter ratios, different inclinations of
the riser to the horizontal part, bend shapes and inlet geometries. Only a few experimental facilities represent
the full-scale hot leg of a PWR. The authors compared a high number of experiments under the different effects,
like water velocity, geometrical effects, physical properties, hysteresis, condensation effects, shear stress,
pressure drop and void fraction. Counter-current flow is caused by droplet entrainment, slugging and large roll-

waves.

Deendarlianto, Hohne, Lucas and Vierow (2012) present another comprehensive review of research work
on counter-current gas—liquid two-phase flow in a PWR hot leg, and provide direction regarding future research
on this topic. In order to clarify some contradictions of experimental results, one should look to the geometrical
parameters, the sub-scale dimensions of the experimental facilities and distinguish between vertical, inclined
and horizontal countercurrent flow in the pipes. The available analytical work is grouped into three categories:
(1) one-dimensional stratified two-fluid model, (2) semi-analytical investigations, and (3) scaling parameters.
One important point of their publication is the application of computational Fluid Dynamics Codes (CFD) to

calculate CCFL in a hot leg during reflux condenser conditions. A considerable robust three-dimensional closure
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relation for this application is not yet achieved due to lack of detailed phenomenological knowledge and due to
application of empirical one-dimensional experimental correlations to the multidimensional flows. They used a
gas/liquid inhomogeneous multiphase flow model coupled with a shear stress transport (SST) turbulence model.
A new concept of shear stress coefficient in the algebraic interfacial area density model (AIAD) was used. The
results indicated that quantitative agreement of the CCFL characteristics between the calculation and
experimental data was obtained as shown in Figure 5. Information on subcooling of the steam-water experiment
and calculation is not given in the paper. The difficulty mentioned by the authors is that the important parameters
on CCFL cannot be measured, like interfacial shear. This may be one of the reasons for limited success in
mechanistic modelling of flooding. The authors claim that advanced measurements, such as the optimized
optical technique and recently developed mesh wire sensor are needed in the near future. Mesh wire sensor can
be used to provide the information of the cross sectional distribution of the steam volume fraction. It is necessary

to recognize detailed structures of flows during CCFL.

0,8 T | T T . ] .

- CFD calculations =
B 11-01 [Steam-water]
- @ 30-09 [Air-water] -

0,4

HZDR exp. data range
(air-water & steam-water)

0,2 A 1 A 1 r 1 A
0,00 0,05 0,10 0,15 0,20/

* 1/2
“,. ) I
Figure 5. Calculated CCFL characteristics in a model of PWR hot leg (Deendarlianto et al., 2012).
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2.3 Vertical heterogeneous counter-current steam-water flow in the downcomer

To illustrate the scaling dependence of heterogeneous vertical steam-water counter-current flow in the
downcomer, some results are presented. That phenomenon is important for efficient core cooling by the ECC
systems during a loss of coolant accident when a large break of a main coolant pipe occurs. Before UPTF
experiments were performed, insight of downcomer phenomena during cold leg ECC-injection had been
developed particularly based on the USNRC ECC Bypass Program. It contained steam-water tests, which were
performed at 1/30, 1/15, 2/15 and 1/5 length scale at the Battelle Columbus Laboratories and at CREARE.
Steady state CCFL tests with steam up-flow and ECC-water down-flow as well as transient tests involving lower
plenum flashing and two-phase up-flow were carried out. Table 1 summarizes the dimension of different scale
downcomer tests.

Table 1. Scale of different test facilities.

S UPTF CREARE (1/5) BCL (2/15) CREARE (1/15) | CREARE (1/30)
Actual  Scale* | Actual Scale | Actual  Scale Actual Scale Actual Scale

Vessel Diam 44m 4.87 1.1 0.89 m 0.2 0.618 rt; 0.14 0.292 m 0066 |0.152m 0.034
DC, Gape 0.26m | 0.25m 096 |0.038m | 0.146 |0.031m | 0.119 0.0126 m 0.048 | 0.0064m | 0.025
DC, Height 53m | 6.64m 125 |137Tm 0257 |082m 0.153 0.46 m 0.086 | 0.229 m 0.043
LP, Depthe 194m | 248m 128 |152m 0783 |1.022m | 0.526 0.86 m 0.443 | 0528 m 0.272
LP Vol, M? 29.6 249 0.84 |0.94 0.032 |0.302 0.010 0.058 0.0019 | 0.0096 3x10*
Cold Leg Diam | 0.74m | 0.75m 101 |0152m | 0.21 0.21 0.102 m | 0.0476 m 0.064 | 0.076 m 0.1

Deup 0.168 | 0.154 — |0.168 — - 0.165 0.163 - 0.5

Swass

*Scale is the ratio of actual dimension to PWR dimension
eLower plena are deeper and gaps are narrower in subscaled facilities

Empirical CCFL correlations based on experimental data of these down-scaled test facilities have been
developed, using two dimensionless phase velocities, a modified Wallis parameter containing “W” as an average

downcomer annulus circumference, and the already mentioned Kutateladze number.

1/2

. My Py

Jx = L Ane [gW (PPl 2 (17)
_ My P;lc/z

Kx - PxApc [QU(PW—Ps)]1/2 (18)

In spite of the variation of scale of the test facilities between 1/30 and 1/5, the extrapolation to full scale

downcomer geometry was not clear until experiments on UPTF were performed.
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UPTF TEST RUN 131 Offset from DAS start: 61.40 sec

SET DOWNCOMER CCFL PROCEDURE A1 ECC=1zoc Dot® everaged over 0.04 sec

380° 2'i0° 15:0"

Height mm

L= W ~ b

FLUID SUBCOOLING DISTRIBUTION IN DOWNCOMER

Figure 6. Heterogeneous counter-current flow conditions in full-scale downcomer for subcooled ECC water,
distribution of subcooled temperatures.

To provide CCFL and ECC core by-pass data for full reactor geometry, tests on UPTF were carried out.
The result of a UPTF experiment, simulating the downcomer behavior during the end-of-blowdown and the
refill phases for a large cold leg break is shown in Figure 6. The test was carried out at a reactor typical steam
up-flow of 320 kg/s and ECC-water injection (subcooling 115 K) into the three intact cold legs of the four loops.
The contour plot shows isotherms of fluid temperatures (subcooling) in the downcomer projected in a plane.
The two-dimensional presentation shows strongly heterogeneous steam-water flow conditions which were not
observed in small-scale experiments. The ECC-water delivered from the cold legs 2 and 3, which are located
opposite to the broken loop connection, penetrates the downcomer without being strongly affected by the up-
flowing steam. Most of the ECC-water delivered from cold leg 1, which is located close to the broken cold leg,
however, flows directly to the break bypassing the core.

To demonstrate the effect of the facility scaling on downcomer CCFL, the data obtained from CREARE,
BCL and UPTF were compared (Beckner and Reyes, 1981, Rohatgi, 1993, Boyack et. al., 1989). Beckner and
Reyes (1981) developed correlations for each facility accounting for condensation. These correlations
represented data and were plotted in Wallis and Kutateladze space (Rohatgi, 1993). There are three possible
flow configurations in downcomer. In narrow downcomers the liquid will form bridges and globules and interact
with the gas. There will be larger interfacial area density. Wallis type correlation will be more suitable. The
second possibility is for bigger downcomer where liquid flows in form of film. The interaction is at the film
interface and countercurrent flow leads to instability and increased roughness due to wave amplitude. The
Kutateladze type of correlations will be more suitable. The third possibility is for very large downcomers such
as UPTF or plant where liquid films falls under the cold legs and gas flows to the break. The interaction at the
interface is weak. For smaller facilities the flow configurations could be a combination of first two types. The
smallest facility (CREARE 1/30) exhibits different behavior and could be due bridging and break up. It does
not follow same behavior as other bigger facilities. An example of plot of correlation in Wallis space is shown
in Figure 7 and in Kutateladze space in Figure 8. In general, the critical superficial gas flow for complete bypass
is lower for smaller facilities as expected. It is clear the assumption of interaction of liquid film and air is very
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different for UPTF and ECCS injection under two cold legs flows towards lower plenum. It will require a
different flooding curve as discussed later. Figure 6 shows the liquid down flow configuration in UPTF.

UPTF and CREARE with 1/5 scaling are compared in references (Glaeser, 1992, Glaeser and Karwat,
1993, 2D/3D Program Work Summary Report, 1992, Glaeser and Wolfert, 2012). Slightly subcooled ECC water
was used in this UPTF test and saturated ECC water on CREARE. Due to the strongly heterogeneous flow
conditions in the full-scale downcomer of UPTF the water delivery curve of UPTF is significantly higher than
for CREARE.

0.3
J° !
9 o.2s \\‘\
0.2 =
0.15 ferm: — —
B =
I ey T B o o= S B e
& *'-T"-’-" el ek T S
.\L T = J
0.05 & S—— A it t L
. * - g ° rr 5> &

o 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

“— CREARE 1730 '~ CREARE t/18 —%— BCL 1/18 -~ BcL 2/15 o
~—=<— CREARE /S —%— Recommended & UPTF

Recommended: Beckner and Reyes, RIL-128.

Figure 7. Flooding curves for different scale facilities in Wallis space.

EXPERIMENTAL DATA AT UPTF CONDITIONS
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Figure 8. Data plotted in Kutateladze space for different facilities.



283
284
285
286
287
288
289
290
291
292
293

294
295
296
297
298
299
300
301
302

303

304
305
306
307
308
309

310

311

312
313
314
315
316
317
318
319
320
321
322
323

13 of 23

The main findings with respect to downcomer behavior during the end-of-blowdown and refill phases of a
large cold leg break with cold leg or downcomer ECC-injection can be summarized as follows:

— A significant scale effect on downcomer behavior can be observed,

— Steam-water flow conditions in the downcomer are highly heterogeneous at full scale,

— Heterogeneous or multi-dimensional behavior increases water delivery rates at full-scale relative to
previous tests on down-scaled facilities,

— CCFL correlations developed from the down-scaled tests are not applicable to full-scale downcomer,

— Downcomer CCFL correlations for cold leg ECC injection based on down-scaled test results under-
predict the water penetration to the lower plenum at full scale,

— Due to strong heterogeneous flows in a real downcomer, a CCFL correlation must account for the
location of the ECC injection relative to the broken cold leg.

To describe the vertical asymmetric heterogeneous gas-liquid counter-current flow in the full scale
downcomer, the Kutateladze type flooding equation was extended by Glaeser (1992) correlating the local steam
velocities of the multi-dimensional flow field with the superficial steam velocity. A geometrical lateral distance
between the legs with ECC injection and the broken loop is introduced in the gas up-flow momentum term. This
term relates the local upward gas velocity at the water down-flow locations to the superficial gas velocities. The
superficial gas velocity can be calculated from the steam mass flow rate. The CCFL-correlation for the
downcomer is then with vy kinematic gas viscosity and g gravitational acceleration:

1/2 Vi3 1z 1/2
K; <gf/3L> +0.011K,’* = 0.0245 (19)

with the geometric length
L = 0.5 7 douter Sinz(o‘seECC-BCL) (193)

The correlation is applicable for

1/3
¢+ > 5400 (20)
Vg

If there is more than one ECC injection location, the arithmetic mean value of all distances L between the
ECC injection legs and the broken leg has to be used in the correlation. However, only those injection locations
can be considered where water can flow downwards. This means that the modified non-dimensional gas velocity
obtained by using the value of L for the individual injection location has to be below the onset of penetration
point. Otherwise, the respective ECC injection leg cannot be included in the arithmetic mean value L. More
details of the derivation and application of the Glaeser-correlation can be found in Glaeser(1992) and Glaeser
and Karwat (1993).

Figure 9 shows the modified gas up-flow expression versus the liquid Kutateladze number. The curve
according to equation (19) gives a good representation of all data points obtained with saturated water injection,
and for subcooled water reducing the steam up-flow superficial velocity by the condensation rate (Glaeser and
Karwat, 1993). Water down-flow is not possible above the curve.
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325  Figure 9. CCFL correlation for heterogeneous steam-water flow derived from downcomer data on UFTF
326  (Glaeser, 1992, Glaeser and Karwat, 1993).
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328  Figure 10. Downcomer CCFL correlation for zero penetration of liquid (total core bypass) (Glaeser, 1992).
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The resulting lowest gas velocity for zero water penetration (onset of penetration) is shown in Figure 10
compared with the downcomer circumference scale. Water down-flow is impossible for gas velocities above
the curve. Three different CCFL correlations are applicable for three different scaling regions. These are the
classical Wallis- and Kutateladze-type as well as the Glaeser-correlation. The range of applicability is dependent
on the dimensionless annulus circumference, which governs the different flooding correlations. It can be seen
that it is impossible to extrapolate counter-current flow correlations from small-scale data below one-ninth
downcomer circumference scale (equivalent to 1/81 flow cross section scale) to reactor scale. The full-scale
UPTF data were needed to clarify the influence of scaling on the CCFL phenomenon.

2.4 Vertical heterogeneous counter-current steam-water flow through the upper tie-plate

ECC water injected into the hot legs via a special Hutze nozzle at the bottom of the hot legs (KWU reactor
design) or water coming from the steam generators and pressurizer is flowing into the upper plenum and from
there through the upper core tie plate as the narrowest flow cross section into the core region. The other
possibility is that the water flows with the steam flow out of the broken hot leg. Counter-current flow tests
through the upper tie plate were performed with saturated water concerning the tie plate. The main interest,
however, was in the reactor-typical subcooled ECC water injection tests. An asymmetric, heterogeneous water
downflow and steam or steam-entrained water up-flow region was observed in the upper plenum and tie plate
region like in the downcomer, Figure 11. Thus, the description of counter-current flow in the large-scale tie
plate region is similar to the large-scale downcomer, for both the saturated and subcooled ECC water tests. The
counter-current flow correlation with the constants determined from saturated ECC water tests on UPTF is:

K} (v§/3/(g1/3L))1/2 +0.014K,"* = 0.027 Q1)
with the geometric length

L =d sin(0.5 Ogcc-But) (22)
where the equivalent diameter d. of the tie plate flow cross section is

de = (4Am / 1), (23)

Arp is the total tie plate flow cross section.
The correlation is applicable for

4400 < g L/ v?. (24)

If there is more than one ECC injection location, the arithmetic mean value of all distances L between the
ECC injection legs and broken leg has to be used in equation (21). Only those injection locations are to be
considered where water can flow downward. The modified non-dimensional gas velocity obtained by using the
value of L for the individual injection location has to be below the onset of penetration point. For low values of
the geometric length L, equation (21) turns into the Kutateladze type equation (9). The experimental results in
Figure 11 can be represented by one curve using equation (21) (Glaeser, 1992).

UPTF tests were also performed with subcooled ECC water, and with steam-water up-flow through the tie
plate simulating water entrainment from the core region increasing the upward momentum. The steam and
steam-water mass flow rate were not high enough to prevent an ECC water down-flow through the tie-plate.
When subcooled water passes the tie plate downward, a part of up-flowing steam condenses below the tie plate
reducing the upward steam mass flow.

The higher ECC water down-flow through the tie plate and in the downcomer in reactor size compared
with small-scale experimental results and the effect of steam condensation leads to a lower relevance of CCFL
as a safety issue regarding core cooling.
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Figure 11. Upper tie-plate flow distribution for water injection into hot legs 1 and 3 or into hot leg 2, and
experimental results compared with Kutateladze type equation (9), taken from 2D/3D Program Work
Summary Report, 1992 (section 4.4.3).

2.5 Vertical sub-scale counter-current flow through the upper tie plate

Tests for BWR upper tie plate were performed to develop CCFL correlations (No et. Al., 2005, Bankoff
et. al, 1981 ). Bankoff (1981) did tests with different configurations of holes in the horizontal plate as shown in
Figure 12.
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385 Figure 12. Arrangements of holes in horizontal plate in Bankoff’s Test (Bankoff et. al. 1981)
386

387
388 Bankoff showed that Wallis and Kutateladze type of correlations did not represent the data as shown in
389  Figures 13 and 14.
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392 Figure 13. Bankoff’s data plotted in Wallis parameter space (Bankoff et. al. 1981)
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394  Figure 14. Bankoff’s data plotted in Kutateladze space (Bankoff et. al. 1981)
395
396 Bankoff proposed another similar correlation based on the length scale as function of whole diameter and
397  Laplace capillarity constant.
398
P 12
99 Hy = e[| 2
400
401 Where length scale w is an interpolated quantity between length scales used in Wallis correlation and
402  Kutateladze correlation as defined here
403
404 w=d"-FLf 0<p<1 (26)
405
406 And, Laplace constant is given as,
407
Rt V2
408 by=|] 27
1= (3l @7
409
410 The interpolating parameter, B, is a function of plate geometry,
411
412 B = tanh(yk.d) (28)
413
414 And
415
416
417 y="4 (29)
AP
418 k, = Zt—” (30)
(4
419

420 Bankoff’s correlation is as follows;
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421
* x1/2
422 Hy'?+H;? =¢ (30)
423
424 And,
425 C=1.07+4.33x1073L" L* <200 31)
426 c=2 L*>200 (32)
427
428 The Bond number, L*, is given as follows for n holes
429
aler-pg)]"*
430 L' = nmd [T”] (33)
431
432 Bankoff's data is plotted in Bankoff’s parameter space as shown in Figure 15. The data converge in a
433 straight line.
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437  Figure 15. Bankoff’s data plotted in Bankoff’s parameter space (Bankoff et. al. 1981)
438

439

440 After Bankoff” s correlation, another experiment was conducted for plate with 4 holes with diameter of 5
441 cm (No et.al., 2005) as shown in Figure 16. The hole sizes are bigger than the biggest hole size in Bankoff’s
442 test.

443
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19.2 em
Figure 16. Hole distribution in circular plate in test, (No et. al . 2005)

No et. al. (2005) have shown that Bankoff’s correlation does not match data for hole diameter greater than 2.86
cm as shown in Figure 17.

2.0 v . . . ; + -
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Figure 17. Comparison of No’s and Zhang’s data with Bankoff’s correlation (No et. al. 2005)

No et. al. (2005) proposed an alternate correlation for larger holes. The correlation is as follows.
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jy'/? +1.22j;% = 0.88 ford >2.86 cm 9

This correlation is compared with data in Figure 18 and match is better than Bankoff’s correlation.

12

CCFL Cormelation (d > 2.86 cm)
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Figure 18. No et al.(2005) correlation for larger holes

Sobajima, (1981) conducted spray cooling tests in ROSA-III facility and also addressed CCFL
phenomena at upper tie plate. The hole sizes 1-2 cm. There tests were performed at high pressures, 6 bar to 31
bars. His CCFL data fell below Bankoff’s correlation. Sobajima concluded that this is due to high pressure
conditions in his test and Bankoff test was a low pressure.

3. Conclusions

Counter-current flow limitation has been observed in different locations in the reactor system such as PWR
downcomer, perforated upper tie plate and hot leg flows. The phenomena are due to the interaction of liquid
and gas flowing in counter current direction and instability at the interface. Different correlations apply for
vertical homogeneous or small-scale countercurrent flow and heterogeneous large scale counter-current flow.
The downcomer flow tests indicated that small scale tests prevented down flow at lower gas flow rates due to
strong interaction between liquid film and gas flow. However, full scale UPTF indicated that flow phenomena
were very different from sub- scale facilities with much less interaction and CCFL correlations developed from
sub-scale experiments do not apply. A different CCFL correlation is proposed.

Similarly, for perforated plates countercurrent correlation phenomena are different for different scales and
heterogeneous vertical countercurrent flows. Earlier investigations for sub-scale experiments use the length
scale interpolated between hole size and Laplace constant. This correlation works up to a size but for larger hole
sizes a correlation similar to Wallis was proposed. A different CCFL correlation for heterogeneous reactor scale
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counter-current flow through the upper core tie plate of a PWR is proposed, based on Kutateladze numbers
considering critical wave length and surface tension.

In horizontal oriented pipes of different scales from small to large size, the Wallis correlation can be applied
for counter-current flow over the whole scaling range. This was demonstrated by small scale experiments and
a UPTF counter-current flow experiment investigating reactor scale hot leg reflux condenser conditions.

Correlations, like the presented CCFL-correlations are used as closure relations in thermal-hydraulic
system computer codes. Such codes are important scaling tools to perform safety analysis for power reactors.
Strong connections are there between scaling, code validation, setting up the nodalization and uncertainty
evaluation as well as code user qualification and expertise. The refinement of the thermal-hydraulic system-
codes and the completion of the validation for the simulation of full size plant accidents are important tasks.
The scalability of CCFL correlations, thereby of the codes, requires that the flow regime or flow configurations
remain the same in the facilities of interest.

Another important effort in the analytical work will be focused on the development of two-phase flow
CFD-codes. Due to the high resolution in space and the possibility for three-dimensional description of the
single- and two-phase flow phenomena, the scaling issue may become less important. Parallel to the progress
in the development of the computer hardware with respect to calculation time the application area of these codes
will be extended. The development of the two-phase flow CFD-codes is a great challenge for the analytical
teams in the next decades and may contribute to the motivation of young scientists working in the field of
nuclear technology. It is hoped that two phase CFD will be mature enough to predict CCFL for different
geometries and orientations.
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